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Telomeres are the physical ends of linear chromosomes. They are composed of short
repeating sequences (suchas TTGGGG in the G-strand for Tetrahymena thermophila)
of double-stranded DNA with a single-strand 3’ overhang of the G-strand and, in

humans, the six shelterin proteins: TPP1, POT1, TRF1, TRF2, RAP1and TIN2"% TPP1

and POTl1 associate with the 3’ overhang, with POT1binding the G-strand? and TPP1

(in complex with TIN2*) recruiting telomerase via interaction with telomerase reverse
transcriptase’® (TERT). The telomere DNA ends are replicated and maintained by
telomerase®, for the G-strand, and subsequently DNA polymerase a—primase”®
(PolaPrim), for the C-strand®. PolaPrim activity is stimulated by the heterotrimeric
complex CTC1-STN1-TEN1'>*2(CST), but the structural basis of the recruitment of
PolaPrim and CST to telomere ends remains unknown. Here we report cryo-electron
microscopy (cryo-EM) structures of Tetrahymena CST in the context of the telomerase
holoenzyme, in both the absence and the presence of PolaPrim, and of PolaPrim
alone. Tetrahymena Ctcl binds telomerase subunit p50,a TPP1orthologue, ona
flexible Ctc1binding motif revealed by cryo-EM and NMR spectroscopy. The PolaPrim
polymerase subunit POLA1binds Ctcland Stnl, and its interface with Ctcl forms an
entry port for G-strand DNA to the POLAl active site. We thus provide a snapshot of
four key components that are required for telomeric DNA synthesis in a single active
complex—telomerase-core ribonucleoprotein, p50, CST and PolaPrim—that provides
insightsinto the recruitment of CST and PolaPrim and the handoff between G-strand
and C-strand synthesis.

Synthesis of the G-strand at the ends of telomeres by telomerase is ter-
minated by CST, Human CST is essential for maintaining the telomere
C-strand and also has a role in overcoming genome-wide replication
stress'®*%, Similar to the shelterin proteins and telomerase, mutations
in human CST lead to telomere biology disorders' including Coats plus
syndrome and dyskeratosis congenita”. The CST small subunits STN1
and TEN1are structurally homologous to those in replication protein
A (RPA), a single-stranded DNA-binding protein thatis involved in
all aspects of DNA replication and repair, whereas the large subunit—
Ctclin Tetrahymena, CTClin vertebrates and Cdc13 in yeast—is more
diverse' 2. Structural and biochemical studies of CST proteins have
suggested various stoichiometries, oligomerization states and func-
tions of subunits'?***, The structure of complete CST® from human
revealed adecamericarchitecture of heterotrimersinthe presence of
single-stranded telomeric (G-strand) DNA (sstDNA). In vertebrates, CST
isproposed toinhibit telomerase activity by physically interacting with
theshelterin proteins TPP1or POT1at telomere ends'**** and G-strand
sequestration'>, and it promotes C-strand fill-in by association with
PolaPrim??, but thereisalack of structures of these interactions from
any organism. PolaPrim is an unusual polymerase containing both

primase and DNA polymerase subunits; the primase synthesizes an
RNA primer ona DNA template and then hands offthe RNA primer-DNA
template to the DNA polymerase, which initiates synthesis of a short
DNA duplex”. PolaPrim initiates the synthesis of both the leading
and the lagging strands in eukaryotes® and, in association with CST,
has functions in genome-wide DNA repair® in addition to its role in
C-strand synthesis at telomere ends.

The Tetrahymena telomerase holoenzyme comprises—in addition
to its catalytic-core ribonucleoprotein (RNP) of TERT, telomerase
RNA (TER), which provides the template for G-strand telomere-repeat
synthesis, and LARP7 assembly protein p65—a set of proteins that are
orthologous to human proteins that only transiently associate with
telomerase at telomeres®’. These include p50, the structural and func-
tional equivalent of TPP1, which recruits and activates telomerase?**;
Tebl, a subunit of the trimeric RPA-related complex TEB****, which
binds the sstDNA* and together with p50 increases telomerase activity
and processivity, similar to its orthologue POT1?**; and another trim-
eric RPA-related complex p75-p45-p19, which has been identified as
Tetrahymena Ctcl-Stn1-Ten1?>? (TtCST). The constitutive association
ofthese proteins withthe telomerase catalytic core makes Tetrahymena
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Fig.1|Cryo-EMstructure of TtCST in the telomerase holoenzyme.

a, Cryo-EM map of the telomerase holoenzyme. b, Ribbon representation of
the model of telomerase holoenzyme, rotated 180° relative to a. The proteins,
TERand DNA are colour-coded asindicated. ¢, Structure and schematic of
TtCST with p50. The three OB domains (OB-A, OB-Band OB-C) of Ctclare
colouredindividually asindicated. In the schematic, regions that are not visible
inthe cryo-EM map are shown as dashed boxes and intermolecular interactions
between proteinsareindicated with grey shading. OB, oligonucleotide/
oligosaccharide-binding fold domain; WH, winged-helix domain; CBM,
Ctclbinding motif; CTD, C-terminal domain; Zn*, zinc ribbon motif. d, Surface
representation of the TtCST structure. Buried surface areasin theinterfaces
between TtCST subunits areindicated. The twostructured linkers between the
Ctc10B domains areshown as ribbon. e, Close-up view of the hydrophobic
interface of the TtCST intermolecular three-helix bundle.

telomerase an ideal model system for elucidating details of the pro-
tein structures and interactions that regulate G-strand and C-strand
synthesis?****°, Here we report structural and functional studies of
Tetrahymena telomerase and PolaPrim that show how monomeric
TtCST binds p50 and PolaPrim on different interfaces to coordinate
G-strand termination and C-strand fill-in synthesis, and suggest com-
monalities with interactions at human telomeres.

Structure of Tetrahymena telomerase CST

Although cryo-EM studies of Tetrahymena telomerase have provided
high-resolution structures of the catalytic-core RNP, TEB heterotrimer
and the oligonucleotide/oligosaccharide-binding fold (OB) domain of
p50 (ref.*°), the dynamic positioning of TtCST has limited modelling
ofitsstructure. Here we combined three previously reported datasets
of Tetrahymena telomerase bound to sstDNA* and performed focused
classification on TtCST followed by refinement of the holoenzyme
to obtain a reconstruction with an overall resolution of 3.5 A (Fig. 1a,
Extended DataFig.1and Extended Data Table 1). For the model of TtCST,
Stnl-Tenlcrystal structures?? were rigid-body fitinto the density and
manually refined with little change, and Ctcl was built de novo (Fig.1b
and Extended Data Fig. 2). Modelling of the N-terminal domain of Ctcl,
which has lower resolution (Extended Data Fig. 1c), was facilitated
by using information derived from NMR data on secondary struc-
ture elements and inter-f-strand nuclear Overhauser effects (NOEs)
(Methods) (Extended Data Fig. 3). Ctcl, whose domain structure was not
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previously established, comprises three OB domains (OB-A, OB-B and
OB-C) connected by structured linkers that stabilize the rigid pairwise
interactions between the domains (Fig. 1¢,d). Ctc1 OB-C has a C-shaped
cleftand zinc ribbon motif (Fig. 1c) typical of the C-terminal OB domain
of the large subunit of RPA™® and related complexes, including mam-
malian CTC1", POT1%*8 and Tetrahymena Teb1***°. Ctc1 OB-C forms a
heterotrimer with the Stn1 OB and Ten1 OB domains that is stabilized
by an intermolecular three-helix bundle (Fig. 1c,e) and by Ten1-Stnl
and Stn1-Ctc1 OB-domaininteractions (Extended Data Fig.2c-h). The
tandem winged helix-turn-helix (WH-WH) domain of Stnlis connected
toits OB domainby aflexiblelinker andis not visiblein the cryo-EM map,
consistent withits multi-positioning shown by negative-stain electron
microscopy?. Overall, this structure of monomeric TtCST strongly
suggests its origin from RPA and establishes the domain structure of
the least conserved subunit Ctcl.

Flexible interface between Ctcland p50

p50 has an N-terminal OB domain and a C-terminal domain that
is not visible in the cryo-EM map (Fig. 1a). The p5SO OB and human
TPP1 OB domains interact with telomerase on TERT TEN and TRAP
domains®*¥*2 but how Tetrahymena p50, human TPP1or mouse POT1
interacts with CST is unknown?*%. We find that TtCST is anchored on
p50via Ctcl1 OB-A (Fig.1c). Inthe structure, TtCST is positioned across
thetop of the TERT ring (Fig. 1b) and stabilized in this predominant con-
formation by additional interactions between Ctcland the TERT-TER
catalytic core (Extended Data Fig. 2j-1). However, these are not stable
interactions, as other conformations resolved by 3D classification show
TtCST hinged away from TERT (Fig.2a and Extended DataFig.1a).Inthe
cryo-EM map, a previously uncharacterized density of pS0 protrudes
from the C terminus of its OB domain into Ctcl OB-A (Extended Data
Fig. 1h). p50 residues 185-208 were built against the density as helix
o5 and strand 37, the latter of which forms an extended 3 sheet with
B1-B4-B5 of Ctc1 OB-A (Fig.2b). However, previous biochemical stud-
ies have shown that p50 C-terminal truncation at residue 213 almost
abrogates binding with Ctcl, whereas truncation at residue 252 binds
to Ctcl comparably to the full-length protein*’. We therefore investi-
gated whether p50 residues between 208-255 contribute to the binding
interface with Ctcl. We made a series of p5S0 peptides and monitored
theirinteraction with Ctc1 OB-A by NMR (Extended Data Fig. 4).'H-"N
heteronuclear single quantum coherence spectroscopy (HSQC) spec-
tra show that optimal binding requires residues 228-250 (Fig. 2c and
Extended DataFig.4b). This peptide forms al:1complex with Ctc1OB-A
thatisinslowexchange on the NMR timescale, indicating a slow off-rate
(Extended DataFig.4c). Talos+secondary structure scores, CS-Rosetta
modelling and chemical shift mapping (Methods) indicate that p50
peptideresidues 228-241formaf-hairpin thatinteracts with the Ctcl
OB-A 3-barrel near the p1-2 linker, 4 and 5 (Fig. 2d and Extended
Data Fig. 4e-g). Together, these cryo-EM and NMR data define a Ctcl
binding motif (CBM) adjacent to the p50 OB domain that associates
tightly with Ctcl but allows a hinging movement of the entire TtCST
complex on p50. Deletion of residues containing this motif results in
loss of cell viability*?, indicating the importance of TtCST association
with telomerase in vivo.

Overall structure of PolaPrim with CST

Adefiningfeature of CST functionat telomere endsisits ability torecruit
PolaPrim for C-strand synthesis'®?*2**, To both verify that Ctc1-Stnl-
Tenlis functionally TtCST and define the structural basis of PolaPrim
recruitment, we assembled the Tetrahymena telomerase-PolaPrim
complex using endogenously expressed telomerase and recombinant
PolaPrim in the presence of sstDNA d(GTTGGG),,, and determined
its cryo-EM structure (Fig. 3a,b and Extended Data Figs. 5 and 6). We
verified that this complex was active for both G-strand synthesis by



P50 (228-250)
+Ctc1 OB-A ..
—Ctc1 OB-A ¢

9.0 85 8.0 75
"H (ppm)
d B B2 B3 02 p4 5 5
TR
2
a
e H
o
[
O9 H]ﬂ] H |]]
60 70 80 9 100 110 120 130 140 150 160

Ctc1 OB-A residue number

Fig.2|Interfacebetween TtCST and p50. a, Cryo-EM maps of the telomerase
holoenzyme with TtCST at different positions. TtCST subunits and p50 are
coloured asindicated. The three-helix bundle and zinc ribbon motifare
labelled withblack and green arrows, respectively. Cryo-EM maps are low-pass
filtered to similar resolution for comparison. b, Interactions between Ctcl
OB-A and p50 CBM. Unmodelled regionsinthe cryo-EM structure are shown as
dashed lines. ¢,"H-*"NHSQC spectra of *N-labelled p50 peptide (residues
228-250) with (red) and without (grey) Ctc1OB-A.NMR signals from the same
residues are connected with dashed arrows or labelled with asterisks. Inset, the
10 lowest-energy CS-Rosetta models of p50 peptide (root meansquared
deviation (r.m.s.d.) of Caatoms =1.73 A) in the presence of Ctc10B-A.

d, Chemicalshift perturbation (CSP) index of *N-labelled Ctc1 OB-Aupon
binding to p50 peptide. Residues with CSP greater than 0.25 ppm are
highlighted in magentaand their locations on the cryo-EM structure are shown
intheinsetandinb.

telomerase and C-strand synthesis by telomerase-associated CST-
PolaPrim individually (Extended Data Fig. 5i) and for handoff of
the G-strand on telomerase to PolaPrim for C-strand synthesis
(Fig. 3¢) using direct telomerase and PolaPrim activity assays. Using
d(GTTGGG),, as template, asin the cryo-EM sample, TtCST-PolaPrim
could copy the entire G-strand template (Extended Data Fig. 5i).
By contrast, almost no C-strand synthesis was observed with PolaPrim
alone (Extended Data Fig. 5i).

Inthe telomerase holoenzyme, PolaPrimbinds TtCST in the absence
or presence of sstDNA (Extended Data Fig. 5f). As the entire TtCST-
PolaPrim complex was flexibly positioned relative to p50, as seen for
TtCST alone, the TtCST-PolaPrim and telomerase-core RNP-TEB-p50
complexes were processed separately to obtain cryo-EM reconstruc-
tionsof4.2Aand 2.9 A resolution, respectively (Fig. 3a, Extended Data
Fig. 6 and Extended Data Table 1). Together, we have a complete tel-
omere DNA synthesis complex. Modelling of TtCST in the complex by
initial rigid-body fitting of the structure determined in the absence
of PolaPrim revealed the presence of additional density on Ctc1 OB-B
and OB-C that could be fit with the crystal structure of Stnl WH-WH?*%
(Fig. 3b and Extended Data Fig. 6i). Binding of PolaPrim to TtCST dis-
places Ctcl from its stable position across the top of the TERT ring
(compare Fig.3a,bwith Fig.1a,b), and instead POLA1l is positioned near
TER loop 2. The Stn1 WH-WH binding site on Ctcl would be occluded
in the stable conformation of TtCST on pSO-TERT in the absence of
PolaPrim.

PolaPrim comprises two polymerase (POLA1 and POLA2) and two
primase (PRIM1 and PRIM2) subunits”® (Fig. 3d). The presence of all
four subunits in the complex was confirmed by silver-stained SDS-PAGE
(Extended DataFig. 5f) and negative-stain electron microscopy 2D clas-
sification analysis (Extended Data Fig. 5g). However, only the catalytic
POLA1 core domain (POLAL,,,.) was well resolved in the cryo-EM map
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Fig.3|Structure of Tetrahymenatelomerase holoenzymein complex with
PolaPrim.a, Composite map of the complex generated with focused refined
cryo-EM maps (Extended Data Fig. 6a). b, Atomic model of the complex.
Theunstructured linker between the Stn1 OB and WH-WH domainsis shown as
adashedline.c, Concurrent time courses of G-strand and C-strand synthesis by
telomerase-PolaPrim using d(GTTGGG); DNA primers (Methods). [*’P]dGTP
and [**P]dCTP were used to label the G-strand and C-strand products,
respectively. The G-strand products provide the template for C-strand
synthesis. RC, recovery control. Gel source datafor all figuresis provided in
SupplementaryFig.1.d, Structure-based schematic of PolaPrim.
Intermolecularinteractions between subunits are indicated as grey shading.
e, Representative 2D class averages of PolaPrim. f, Cryo-EM structure of
PolaPrim. The flexible linker between POLA1,,,.and POLA1pisshownasa
dashedline.

(Fig.3a,d). The rest of PolaPrim appears as a fuzzy density connected
to POLAl,,,. opposite the interface with Ctcl (Extended Data Fig. 5g).
Therefore, we also investigated the cryo-EM structure of PolaPrim
alone, and obtained a4.0-4.3 A resolution structure for POLA2-POL-
Alcrp~PRIM2,-PRIMI (where POLAl¢pis the POLAL C-terminal domain
and PRIM2, is the N-terminal domain of PRIM2) (Fig. 3e,f, Extended
Data Fig. 7 and Extended Data Table 1). Two-dimensional class aver-
ages of PolaPrim show that POLA2-POLA1.;,~PRIM2,~PRIM1formsa
platform that holds POLA1_,. in various positions (Fig. 3e). We gener-
ated initial models of PolaPrim subunits with AlphaFold2, rigid-body
fit them into corresponding densities and adjusted them manually
(Methods). The structures of the individual subunits are highly similar
to those of human PolaPrim*™* (Extended Data Fig. 8a,b). However,
POLA2-POLAIl.;p and PRIM1-which are located on either end of the
platform—appear tobe abletorotate relative to each other, with PRIM2,,
asthe pivot (Extended Data Fig. 8b). The C-terminal domain of PRIM2
(PRIM2.)—which specifically interacts with and coordinates RNA-
DNA duplex translocation from the active site on PRIM1to the active
site on POLAL_,.>—was not observed during cryo-EM data process-
ing, suggesting thatits positionis dynamic. This flexible organization
of PolaPrim would allow the large-scale domain movements that are
expected for the switch from RNA primer to C-strand DNA synthesis®.
Previous structures of human PolaPrim determined by X-ray crystal-
lography and cryo-EM of a crosslinked sample are in an autoinhibited
conformation (Extended Data Fig. 8c), with the active site on POLA1,,,
sterically blocked for DNA entry by POLA1., and POLA2*4¢, Our studies
providesstructures of a PolaPrim compatible with activity and establish
its direct interactions with TtCST.
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Fig.4 |Interfacebetween TtCSTand POLA1L,,,.. a, Ribbonrepresentation of
TtCST and POLA1,, withindividual proteins, domains and motifs coloured as
indicated. Thelocation of the POLAlactive siteis shownasaredstar.

b, Structure-based schematic of POLA1,,.and interactions with TtCST.

c,d, Close-up views of the interface between POLA1,,,. and TtCST with sstDNA
shown from perpendicular directions. e, EMSA of d(GTTGGG); DNA binding by
wild-type (WT) and Ctcl mutant TtCST. Wedges indicate a series of twofold
dilutions of TtCST from 3.5t0 0.03 uM. The first lane of each gel isa CST-free
control. Quantification of EMSAs is shownin Extended DataFig. 9j.

f, The sstDNA binding site on Ctc1 OB-C. Side chains of residues substituted for
EMSA are shown assticks. g, Close-up view of POLA1,,,. (electrostatic surface)
withaDNA duplex modelled on the basis of the human POLA1structure*
(Protein DataBank (PDB) 5IUD). The template and product strandsin the
duplex are colouredin green (G-strand) and purple (C-strand), respectively.
The pathof sstDNAin the channelisshownasadashed line.

CSTinteraction with POLA1 and sstDNA

POLAI,,,. comprises an N-terminal domain (NTD) that brackets a cata-
lytically dead exonuclease (Exo), and a C-terminal DNA polymerase that
contains palm, finger and thumb domains® (Fig. 4a,b). All elements of
POLAL,. except the tip of the thumb are well defined in the cryo-EM
map. TtCST interacts with POLA1_,,. via Ctc1 OB-C and Stnl, and the
interface has asurface area of around1,120 A% (Fig. 4a-d and Extended
Data Fig. 9). On Ctc1 OB-C, the conserved zinc ribbon motif interacts
primarily with the conserved Exo $11-12 hairpin (Fig.4c and Extended
Data Fig. 8d). The Ctcl helix a14 and Stn1 OB 31-2 and 33-4 loops
formabinding pocket that accommodates POLA1,,,.NTD helix a19 (res-
idues 731-748) with charge complementarity toits side chains (Fig. 4c
and Extended Data Fig. 8e-g). Helix a19 is a flexible loop in all other
structures of PolaPrim*™*, and appears to become structured only on
binding Ctc1-Stnl (Extended Data Fig. 8e), indicating theimportance
of this interaction for TtCST binding. Behind this interface, the three
helices of the Stn1 winged helix 2 (WH2) domainareinserted intoagap
between Ctcl1 OB-B and POLA1Exo (Fig. 4d). The structure shows that
POLAIL,.Exoand NTD formanextensive interface with TtCST involving
Ctcl OB-C, the Stn1 OB domain and Stn1 WH-WH, which is otherwise
flexibly tethered to the Stn1 OB domain in the absence of PolaPrim.
Structure-based sequence alignment suggests conservation of these
regions in POLA1,,. that interface with TtCST across a wide range of
species (Extended Data Fig. 8g).

Cryo-EM density for approximately ten nucleotides of sstDNA is
observed on Ctc1 OB-C across the C-shaped binding cleft near the zinc
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ribbon (Fig. 4a,c), but side-chain interactions cannot be discerned.
Substitution of three residues (R395E/Y445A/F473A) on the appar-
ent binding surface increases the equilibrium dissociation constant
(Kp) for sstDNA binding to purified TtCST by approximately threefold
(from 0.18 t0 0.52 pM), as determined by electromobility shift assays
(EMSA) with d(GTTGGG); (Fig. 4e,f and Extended Data Fig. 9f-k), verify-
ingthe observed DNA-binding site. The sstDNA extends 5’ to 3’intoan
entry port formed by POLA1,,,. NTD and Exo and Ctc1 OB-C (Extended
Data Fig. 8h) of a highly basic channel that leads to the active site of
POLA1 approximately 40 A away, where the primer-sstDNA duplex
would bind (Fig. 4g). Since sstDNA is added in excess during the purifi-
cation, both telomerase and TtCST can bind separate sstDNA strands.
No density for sstDNA is visible on TtCST in the absence of PolaPrim,
perhaps owing to dynamics and/or steric occlusion by interaction of
Ctclwith TERT in the predominant conformation (Fig.1b and Extended
DataFig. 2i-1).

The sstDNA on Ctc1 OB-C appears positioned for entry into atemplate
(G-strand) binding tunnel on POLA1,,,., and there is weak density in
the tunnel that we attribute to sstDNA (Extended Data Fig. 8i,j), sug-
gesting the possibility that this structure has captured the polymerase
mode after handoff from primase. Although no DNA-RNA or DNA-DNA
duplexis presentinthe active site of POLAL, there is unassigned density
between POLAI,,. palm and thumb (Fig. 3a) that fits the dimensions of
aG-quadruplex formed by four Tetrahymena telomere DNA repeats*®
(Extended DataFig. 8j). Tetrahymena telomere DNA repeats can form
unimolecular G-quadruplexes with three or four G-quartets in the
presence of Na* or K', respectively***’, whereas G-quadruplexes do
not form with Li* in the absence of other cations. Addition of 50 mM
of these cations individually to the activity assay buffer for telomer-
ase-PolaPrim with d(GTTGGG),, prepared as for the cryo-EM studies
decreases C-strand synthesis in the order of increasing G-quadruplex
stability*°—thatis, Li* > Na* > K* (Extended DataFig. 5j). Given that the
newly synthesized telomeric DNA is single-stranded as it exits onto
Teb1*, the slow folding kinetics of G-quadruplexes probably limit the
amount of G-quadruplex formed in vivo before G-strand binding on
CST-PolaPrim. We propose that the apparent G-quadruplex present
inthe cryo-EM density may have serendipitously trapped PolaPrimin
anincipientinhibited DNA polymerization state. Overall, the structure
defines the interface between POLA1 and CST and the pathway of the
G-strand from CST to the active site of POLAL, where it provides the
template for C-strand synthesis.

Comparison with human CST

Tetrahymena Stnland Tenl have the same domain structure as human
STN1and TENI, respectively; however, human CTC1is much larger
than Tetrahymena Ctcl, with seven OB domains’® (OB-A to OB-G)
(Fig. 5a,b and Extended Data Fig. 9a) that may have arisen from a
gene duplication of RPA70. A DALI search of Ctcl against all pro-
teins in the Protein Data Bank (Methods) found the highest struc-
tural similarity with human CTC1 (Z-score 14.5). For the individual
domains, Ctc1 OB-B and OB-C are most similar to human CTC10B-F
and OB-G, respectively (Extended Data Fig. 9b,c). A cryo-EM study
of human CST with bound sstDNA revealed a decameric structure
with Dssymmetry”. Comparing the human CST monomer extracted
from the decamer with TtCST shows that Tenl and TEN], the Stnl
OB and STN1 OB domains, and Ctcl OB-A-C and CTC1 OB-E-G are
positioned similarly (Fig. 5a,b). However, Stn1 WH-WH, which is
visible only in the PolaPrim-bound TtCST structure, is positioned
on Ctcl1 OB-B and OB-C (Fig. 5a and Extended Data Fig. 9d), whereas
in human CST, STN1 WH-WH is positioned on CTC1 OB-E and
sticks out from the decamer in the ‘arm’ conformation® (Fig. 5b,c).
Of note, low-resolution cryo-EM densities of monomeric human CST
revealed an additional ‘head’ conformation®, in which the human
STN1WH-WH occupies a position apparently similar to that observed
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in TtCST-bound PolaPrim (Fig. 5¢). In our structure, Stnl WH-WH
in this position forms part of the interface with PolaPrim (Fig. 4d).
If human CST binds PolaPrim in a similar manner to TtCST, it could
only bind as a monomer, since the binding interface would be
occluded by intermonomer interactions in the human CST decamer.
Different but adjacent binding sites for sstDNA are observed for
equivalentregions onthe human CST decamer® versus TtCST (Fig. 5a,b
and Extended Data Fig. 9¢). For human CST, the four DNA nucleotides
visible in the decameric structure interact with human CTC1 OB-F
(Extended Data Fig. 9¢), and two of them also interact with OB-G".
Comparison of Ctcl OB-B with CTC1 OB-F shows sequence similarity
for the residues on the OB-F binding cleft that interact with the four
DNA nucleotides (Extended Data Fig. 9f). To investigate whether there
might beasimilar DNA interaction on Tetrahymena Ctc1 OB-B (in addi-
tion to the ten nucleotides that we observe on OB-C), we substituted
three conserved residues (K303E/K306E/F308A), equivalent to a set
shown toincrease K, of human CST for sstDNA®*, These substitutions
increase the K}, for d(GTTGGG), by approximately 1.5-fold as assayed
by EMSA (Extended Data Fig. 9i-k). Substitution of two conserved
aromaticresidues (F264A/Y268A) that may contribute to DNA binding
through stacking interactions™" increases K;, by 1.2-fold (Extended
DataFig. 9i-k). Together, these comparisons suggest that human CTC1
C-terminal OB-E, OB-F and OB-G may interact with POLA1 and sstDNA
inasimilar manner to Ctc10B-A, OB-Band OB-C, and that the PolaPrim
interaction may only be accommodated in monomeric CST.

Coordinated synthesis of G- and C-strands

Coordinated synthesis of telomeric G- and C-strands in vertebrates
is orchestrated by interactions between telomerase, the shelterin
proteins TPP1and POT], sstDNA, CST and PolaPrim, whose molecu-
lar details have remained largely undefined. Here, taking advantage

of the constitutive association of p50 (a TPP1 orthologue), Tebl
(aPOT1orthologue) and TtCST with Tetrahymena telomerase, along
with previous structural studies of telomerase?**°, we determined
the structures and interfaces between all of these components.
Tetrahymena Ctcl C-terminal domain OB-C and Stnlbind to PolaPrim
POLAland CtclN-terminal domain OB-A binds p50 (Fig. 5d). The p50
OB domaininturnbindsto TERT TEN-TRAP domains—constitutively
in Tetrahymena but transiently to recruit telomerase to telomeres
in humans®***4°, Biochemical studies have shown that human CST
binds G-strands released from telomerase during telomere-repeat
synthesis'®®, and our structures and activity assays verify these
results in Tetrahymena. Our structures show that TtCST binds p50
on a flexible hinge (CBM), placing it in the proximity of where the
3’ end of sstDNA released from the TER template would be. Tebl,
which also interacts with p50 and the TERT TEN domain, may con-
tribute by initially maintaining a hold on the 5" exiting DNA until it
binds CST. C-strand synthesis requires that the G-strand is released
from telomerase catalytic core to provide the 3’ end of the G-strand
as the template for C-strand synthesis. PRIM2c has been proposed
to bind the RNA-DNA duplex and hand it off from the primase to
the active site of POLA1® (Fig. 5d). Our structure explains how CST
enhances the activity of POLA1, by binding the G-strand and feed-
ing itinto the entry port for the POLA1 template channel (Fig. 4g).
The autoinhibited conformation of PolaPrim**¢ would be occluded
in the CST-PolaPrim complex, possibly explaining how CST could
enhance the primase-to-polymerase switch**. It is less clear how CST
binding could activate PRIMI for primer synthesis, consistent with
proposals for a large conformational switch between priming and
polymerization steps®. Here we have captured a pre-DNA C-strand
polymerization step in a PolaPrim complex with the Tetrahymena
telomerase-core RNP, CST, p50 and TEB, linking G-strand and C-strand
synthesis in an almost complete telomere end replicon.
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Methods

Tetrahymena PolaPrim cloning and expression

Tetrahymena PoloPrim complexes were expressed using the Bac-to-Bac
system (Thermo Fisher Scientific) in Sf9 cells. In brief, cDNAs encod-
ing Tetrahymena POLA1 (UniProt accession number: Q23AJ0), POLA2
(I7MAE1), PRIM1 (Q24HY6) and PRIM2 (Q246C7) were chemically
synthesized and purchased from IDT (Integrated DNA Technologies).
To co-express the POLA1I-POLA2 complex, POLA1 and POLA2 cDNAs
were cloned into a pFastBacDual vector (Thermo Fisher Scientific),
under the polyhedrin promoter and the p10 promoter, respectively.
The POLA1 hasan N-terminal hexahistidine tag and tobacco etch virus
protease cleavage site (His,-TEV). To co-express the POLA1-POLA2-
PRIM1-PRIM2 complex, PRIM1 and PRIM2 cDNAs were cloned into a
separate pFastBacDual vector. The expression vectors were used to
make baculoviruses based on the established protocol for Bac-to-Bac
system (Thermo Fisher Scientific). Sf9 cells (2.0 x 10° ml™) were trans-
fected with viruses using a multiplicity of infection (MOI) of 3at 27 °C
in SF-900 Il SFM medium (Thermo Fisher Scientific). The cells were
collected 48 h after infection and stored at —80 °C until purification.

TtCST-p50 cloning and expression

TtCST-p50 complex was expressed in insect cells. In brief, cDNAs
encoding p50 (D2CVNS), p75 (AOPGB2), p45 (Q6JXI5) and p19 (D2CVN7)
were chemically synthesized and purchased from IDT (Integrated DNA
Technologies). The Ctcland p50 cDNAs were cloned into a pFastBacD-
ual vector (Thermo Fisher Scientific), with a His,-TEV tag fused onto
the N-terminal of Ctcl. The Stnland Tenl cDNAs were cloned into a
separate pFastBacDual vector for baculoviruses expression. Sf9 cells
(2.1x10° mlI™) were transfected with viruses using aMOI of 3 at 27 °C
in SF-900 Il SFM medium (Thermo Fisher Scientific). The cells were
collected 48 h after infection and stored at —80 °C until purification.

Purification of Tetrahymena PolaPrim and CST-p50 complexes
The purification steps for both POLA1-POLA2-PRIM1-PRIM2 and p50-
Ctcl-Stnl-Tenlwere performed at 4 °C using an AKTA chromatography
system with prepacked columns (GE Healthcare) following the same
protocol. Cells were suspended in buffer A (30 mM Tris-HCI (pH 7.5),
200 mMNaCl, 10% (v/v) glycerol,1 mM dithiothreitol (DTT) and 25 mM
imidazole) supplemented with protease inhibitor cocktail (Sigma),
lysed by sonication, and centrifuged at 34,000g for 1 h. The supernatant
was applied onto a5-mlHisTrap HP column pre-equilibrated inbuffer A.
The columnwaswashed with buffer Aand the complex was eluted with
buffer B(30 mM Tris-HCI(pH 7.5),1 MNaCl, 10% (v/v) glycerol, 1mMDTT
and 400 mMimidazole). The protein complex was digested overnight
with 0.2 mg mI™ TEV protease and buffer exchanged to buffer A. The
digest was applied onto a 5-ml HisTrap HP column pre-equilibratedin
buffer A. The target complex wasisolated in the column flow-through,
concentrated to 10 ml, and then applied onto a Superdex 200 gel fil-
tration column pre-equilibrated in buffer C (25 mM Tris-HCI (pH 7.5),
150 mM NaCl and 1 mM DTT). The complex was collected from peak
fractions and analysed by SDS polyacrylamide gel electrophoresis.

NMR sample preparation

cDNAs of Ctcl OB-A (residues 1-183) and p50 peptides (Extended
DataFig.4a) were clonedinto the pETduet vector with a His,-MBP-TEV
tag at the N terminus of each construct, and expressed by Escheri-
chia coli strain BL21(DE3). 2H,”*C and “N-labelled Ctcl OB-A was
expressed from M9 minimal medium supplemented with 0.51D,0,
2 g [*CIp-glucose and 0.5 g of [*"NJammonium chloride, and *C and
5N-labelled p50 peptide was expressed from M9 minimal medium
supplemented with [*C]b-glucose and of [*N]ammonium chlo-
ride. Cultures were grown to mid-log phase at 37 °C, induced by the
addition of B-D-1-thiogalactopyranoside to a final concentration of
0.5mM, and incubated at 18 °C for an additional 12 h before collection

by centrifugation. The purification steps for Ctcl OB-A and p50 pep-
tides were similar to those for Tetrahymena PolaPrim described above.
In brief, cells were re-suspended in buffer A, lysed by sonication and
centrifuged at 4,500g for 30 min. The supernatant was loaded onto a
5-mlHisTrap HP column pre-equilibrated in buffer A. The columnwas
washed with buffer A and the protein was eluted with buffer B. The pro-
tein was digested overnight with 0.2 mg mI™ TEV protease and buffer
exchanged to buffer A. The digest was applied onto a 5-ml HisTrap HP
column pre-equilibrated in buffer A. The flow-through was concen-
trated and further purified on an Superdex 75 gel filtration column
pre-equilibrated in buffer C. Fractions containing pure protein were
pooled, buffer exchanged into protein NMR buffer (20 mM Tris (pH 7.5),
50 mMNaCl,1 mM Tris(2-carboxyethyl)phosphine (TCEP),3 mM NaN,
and 8% D,0), and concentrated to 0.5-0.8 mM for NMR studies.

NMR spectroscopy and data processing

NMR experiments were performed at 298 Kon 800 and 600 MHz Bruker
spectrometers equipped with HCN cryoprobes. The backbone assign-
ments of Ctcl OB-A were obtained using the TROSY-type HNCACB,
HN(CO)CACB, HNCA, HN(CO)CA, HNCO, and HN(CA)CO spectra col-
lected on an 800 MHz Bruker instrument with 2H,"*C,*N-labelled Ctcl
OB-A. Conventional triple resonance backbone assignment experi-
ments (HNCACB, CBCA(CO)NH, HNCA, HN(CO)CA) were used for p50
peptide (228-250) backbone assignments. Spectrawere collected and
processed using Topspin 4.1,and analysed with CARA (http://cara.nmr.ch)
and NMRFAM Sparky* to interactively obtain sequence-specific reso-
nance assignments. NOE peak lists were automatically generated by
Atnos®, and assigned by CYANA 3.98%. Secondary structure of Ctcl
OB-A and p50 peptide (228-250) were predicted by TALOS+*. Models
of p50 peptide (228-250) were predicted by CS-Rosetta® using chem-
ical shift data. Cocr.m.s.d. of the 10 lowest-energy modelsis 1.73 A,
suggesting a high confidence of the prediction. To investigate the
interaction between Ctcl1 OB-A and p50 peptides, 'H-*N HSQC spectra
of titration of unlabelled p50 peptides with labelled Ctc1 OB-A and
titration of unlabelled Ctc1 OB-A with labelled p50 peptides were
obtained. Chemical shift mapping was analysed by comparing the apo
and bound-form HSQC spectra. The CSP value for each residue was
calculatedas CSP = ,j((AaHN)Z +0.14 x (AS6N)?)/2, wherethe ASHN
and A\ 6N are the change (/\) in chemical shift (6) of HN and N reso-
nances fromapo to bound (ref. *®). The backbone assignments of H,*C
and ®N-labelled Ctcl OB-A in the presence of unlabelled p50 peptide
(228-250) were obtained using the same TROSY-type spectra as listed
above, while the backbone assignment of *C and ®N-labelled p50 pep-
tide (228-250) in the presence of unlabelled Ctc1 OB-A were obtained
using conventional triple resonance spectra.

Telomerase sample preparation

Tetrahymena telomerase holoenzyme was expressed and purified as
described previously*®”. To prepare the telomerase—PolaPrim complex
sample, 0.5 pM of purified POLA1-POLA2-PRIM1-PRIM2 was incubated
with telomerase holoenzyme at the anti-Flag M2 affinity gel (Sigma)
step overnight at4 °C, in the presence of excess d(GTTGGG),, primer.
Excess DNA and PolaPrim were removed with wash buffer (20 mM
HEPES (pH 8.0), 50 mM NaCl,1 mM MgCl,, 1 mM TCEP, 10% (v/v) glyc-
erol, 0.1% (v/v) IGEPAL CA-630) and the final product was eluted using
asmall volume (30-50 pl) of elution buffer (20 mM HEPES (pH 8.0),
50 mM NacCl, 1 mM MgCl,, 1 mM TCEP, and 0.1% (v/v) IGEPAL CA-630)
supplemented with 1 mg ml™ 3x Flag peptide.

Cryo-EM specimen preparation and data collection

For telomerase-PolaPrim complex, 3 pl of the purified sample was
applied to glow-discharged lacey carbon grids with a supporting
ultrathin carbon film (Ted Pella). The grids were then blotted with
filter paper and flash-frozen in liquid ethane using an FEI Vitrobot
Mark IV at 10 °C and 100% humidity. Cryo-EM grids of PolaPrim were
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prepared similarly with Quantifoil200 mesh R2/1grids. Cryo-EM grids
were loaded into a Thermo Fisher Titan Krios electron microscope
operated at 300 kV for automated data collection using SerialEM%®,
Movies of dose-fractionated frames were acquired with a Gatan K3
direct electron detector in super-resolution mode at a pixel size of
0.55 Aonthesample level. A Gatanimaging filter was inserted between
the electron microscope and the K3 camera and operated at zero-loss
mode withtheslit width of 20 eV. The microscope was carefully aligned
prior to each imaging session and parallel beam was optimized using
coma-free alignmentin SerialEM. The total dose rate on the sample was
setto~55electrons per A%, which was fractionated into 50 frames with
0.06 s exposure time for each frame. For telomerase-PolaPrim, 36,716
movies were collected intwo separate imaging sessions with the same
batch of cryo-EM grids. For PolaPrim, 7,120 movies were collected in
asingle imaging session.

Cryo-EM data processing

Cryo-EM data processing workflows are outlined in Extended Data
Figs.1, 6 and 7 for the structure determination of Tetrahymena (Tt) CST
in telomerase, PolaPrim-bound TtCST in telomerase, and PolaPrim
alone, respectively. All steps described below were performed with
RELION 3.1%° unless otherwise indicated.

To determine TtCST structure, telomerase particles selected from
three published datasets (the T3D2, T4D4 and T5D5 datasets as detailed
in ref. *°) were combined, resulting in over 2.5 million good particles
(Extended Data Fig. 1a). Refinement of these particles without a mask
generated areconstruction with only weak density for TtCST, which
confirms the multiple orientation of TtCST relative to the rest of tel-
omerase holoenzyme?®. To separate particles with TtCST at different
positions, an alignment-free 3D classification was performed using
aspherical mask covering the TtCST region (maskl). Particles from
classes with TtCST at similar positions were grouped together and
refined, resulting in three reconstructions (P1, P2 and P3 in Extended
DataFig.1a),among which P1has the best density and the largest num-
ber of particles. To improve the overall density of P1, we performed
another round of 3D classification with local angular search (RELION
options: --sigma_ang 8 --healpix_order 4). A soft mask (mask2) was
usedinthis step to exclude the flexible p65.259,330 particles fromthe
best class were selected for 3D refinement, following by refinement of
contrast transfer function (CTF) parameters and Bayesian polishingin
RELION. The resulting ‘shiny’ particles were refined to 3.5 A resolution
fortheentire telomerase holoenzyme including TtCST (Extended Data
Fig.1b-d). Anadditional focused 3D classification step was conducted
toimprove the local resolution of Ctc1 OB-A. The resulting 78,471 par-
ticles were refined to 3.8 A resolution using mask2.

For the newly collected telomerase-PolaPrim and PolaPrim datasets,
dose-fractionated frames of each movie were 2x binned (pixel size
of 1.1A), aligned for the correction of beam-induced drift, and dose
weighted using RELION’simplementation of UCSF MotionCor2%°. CTF
parameters, including defocus and astigmatism, of each dose-weighted
micrograph were determined by CTFFIND4* within RELION.

Two datasets of telomerase-PolaPrim, one for each data collection
session, were initially processed separately (Extended Data Fig. 6a).
Particles picked from 2,000 representative micrographs using
template-free auto-picking in RELION were screened by 2D classifica-
tion, and the best particles were selected to train a particle detection
modelin Topaz®for subsequent neural-network based particle picking
forall micrographs. After several rounds of 2D and 3D classifications as
detailed in Extended DataFig. 6a, good particles selected from two data-
sets were combined, resulting in over 1.6 million particles. Refinement
ofthese particles without using any mask generated areconstruction
with only weak density for TtCST-PolaPrim, suggesting that TtCST-
PolaPrim also has multiple orientations relative to the rest of telom-
erase holoenzyme, including telomerase core RNP, TEB heterotrimer
and p50, as previously observed for the TtCST dataset (Extended Data

Fig.1a). Therefore, these two parts were processed separately in the
following steps. For telomerase core RNP-TEB-p50, a soft mask was
used to exclude the dynamic TtCST-PolaPrim during 3D refinement,
whichresultedina3.1A resolution reconstruction. After an additional
round of focused classification withlocal angular searchin 8° (RELION
options: --sigma_ang 8 --healpix_order 4), 539,078 particles from the
best class were selected and refined to 2.9 A resolution (Extended Data
Fig. 6b,c). For TtCST-PolaPrim, three rounds of alignment-free 3D clas-
sification with an optimized regularization parameter (RELION option:
--tau2_fudge 16) were performed in parallel using a spherical mask
covering the TtCST-PolaPrim region (mask2). 427,158 particles from
classes with interpretable TtCST-PolaPrim densities were combined
after removing duplicates. Refinement of these particles generated a
reconstruction with clear TtCST-PolaPrim density. Then, we shifted
the centre of each particle to TtCST-PolaPrim and performed signal
subtraction using mask4 to only keep the signal from TtCST-PolaPrim.
After two rounds of 3D classification using mask4, 142,912 particles
were selected and refined using the same mask, which resulted in a
4.2 A resolution reconstruction for TtCST-PolaPrim (Extended Data
Fig. 6b,d). These particles were back projected to original particles
without signal subtraction and refined to 4.4 A resolution for the entire
complexincluding both telomerase and TtCST-PolaPrim.

For the PolaPrim dataset (Extended Data Fig. 7), particle picking
was conducted using Topaz® in a similar way as described above for
the PolaPrim-bound telomerase datasets. After two rounds of 2D clas-
sification, 1.3 million particles were selected and refined using an initial
model generated by cryoSPARC®. The resulting cryo-EM map has a
head thatis the catalytic core domain of POLAl and a bow-tie-shaped
body that contains POLA2, PRIM1, PRIM2, and the C-terminal domain
of POLAL The head and the body have multiple orientations relative
to each other as indicated by their low-resolution densities in the 3D
reconstruction and the 2D classification results (Extended Data Fig. 7b).
Focused refinement of the head did not work well owing toits small size,
butfocused refinement of the body generated a map with clear second-
ary structure features. After one round of 3D classification using the
same mask for thebody, 264,498 particles were selected and refined to
4.5 Aresolution. During the 3D classification step, anotable hinge move-
ment was observed within the body. We further refined the two halves
ofthe body individually and obtained a4.0 A-resolution reconstruction
for POLA2-POLA1.p,-PRIM2, and a 4.3 A-resolution reconstruction
for PRIM2,-PRIM1 (Extended Data Fig. 7c-e).

All cryo-EM maps were sharpened with a negative B-factor and
low-pass filtered to the stated resolution using the relion_postprocess
program in RELION. Local resolution evaluations were determined
by ResMap®* with two independently refined half-maps. Directional
resolution anisotropy analyses were performed using 3DFSC®. Data
collectionand processing statistics are givenin Extended Data Table 1.

Model building and refinement

For the modelling of TtCST, two maps were generated from the 3.5 A
resolution cryo-EMreconstruction: an unsharpened map with the best
density continuity was used for backbone tracing and secondary struc-
ture assignment, and asharpened map with the best high-resolution fea-
tures was used to place Ca and side chain of individual residues. Crystal
structures of Tetrahymena Ten1-Stn1-OB?** (PDB 5DOl and 5DFM) and
cryo-EM structure of Tetrahymena telomerase-core RNP-TEB-p50*°
(PDB 7LMA) were initially rigid-body fitted into the maps using UCSF
Chimera®, and refined manually in COOT®". Density of Ctcl was traced
fromitssignature C-terminal achelix,and models of OB-C and OB-B were
built de novo against the density in COOT. Visible densities of amino
acid residues with bulky side chains, such as Phe, Tyrand Trp were used
asguidance for sequence assignment (Extended DataFig. 1g). For Ctcl
OB-A, aninitial model was built against the cryo-EM density and refined
manually with structure information obtained from NMR (Extended
Data Fig. 3). In brief, secondary structure information obtained from



TALOS+*was used to define the boundaries of B strands within Ctc1 OB-A
(Extended Data Fig.3d), and 105 inter-B-strand NOE restraints were used
torefine the relative position of the 3-strands (Extended Data Fig. 3e).
Last, p50 residues 184-208 following the C terminus of the previous
model of the p50 OBdomain*® (PDB 7LMA) were built into the cryo-EM
map adjacent to Ctcl OB-A (Extended Data Fig. 1h).

For the modelling of TtCST-PolaPrim, the TtCST model obtained as
described above, crystal structures of Stn1 WH-WH??* (PDB 5DFN and
5DOK) and acomputed model of POLAI,,, were generated using Alpha-
Fold2% were initially rigid-body fitted into the 4.2 A resolution map
(Extended Data Fig. 6d) using UCSF Chimera®, and refined manually in
COOT? (Extended DataFig. 6h-j). Asegment of sstDNA was built manu-
ally against the density in the C-shape cleft of Ctc1 OB-C. The previously
reported cryo-EM structure of Tetrahymena telomerase-core RNP-
TEB-p50*° (PDB 7LMA) was refined against the 2.9 A-resolution map
(Extended Data Fig. 6¢).

For the modelling of PolaPrim platform (POLA2-POLA1,-PRIM2,-
PRIM1), a composite cryo-EM density map was generated using the
‘combine focused maps’ function in Phenix® with two focused refined
maps (Extended Data Fig. 7a,e). Computed models of individual subu-
nits generated using AlphaFold2*® were rigid-body fitted into the com-
posite map and refined manually in COOT® (Extended Data Fig. 7g).

Allmodels were refined using Phenix® inreal space with secondary
structure, Ramachandran, and rotamer restraints. Refinement statistics
ofthemodels are summarized in Extended Data Table 1. Model vs map
FSCvalidations are shownin Extended Data Figs. 1f, 6f and 7f. Structural
similarity analyses were conducted using the Dali sever’™. Sequence
alignment results were presented usingJalview™. All figures presenting
the model were prepared using UCSF ChimeraX™.

Telomerase-PolaPrim activity assays

The direct telomerase activity assays were carried out as previously
described*? in 20 pl solutions containing 50 mM Tris-HCI pH 8.0,
2 mM Mg, 1mM spermidine, 2 mM TCEP, 200 pM dTTP, 3 uM dGTP,
5uCi[a-*>P]dGTP (Perkin-Elmer, 6000 Ci mmol™), 20 nM telomerase-
PolaPrim and 1 uM d(GTTGGG); or d(GTTGGG),, primer as indicated.
The C-strand synthesis assay was carried out in 20 pl solutions con-
taining 50 mM Tris-HCI pH 8.0, 2 mM Mg, 1 mM spermidine, 2 mM
TCEP, 500 pM dATP, 3 uM dCTP, 5 uCi [a-**P]1dCTP (Perkin-Elmer, 3000
Cimmol™), 0.2 mM ATP, 0.2 mM CTP, 1 uM d(GTTGGG),, primer and
20 nM telomerase-PoloPrim or PolaPrim asindicated. Reactions were
performed at 30 °C for 60 min and stopped with quench buffer (10 mM
Tris-HCI pH 8.0 and 10 mM EDTA).

The complete telomere replication reactions were carried out in
20 pl solutions containing 50 mM Tris-HCI pH 8.0, 2 mM Mg?', 1 mM
spermidine,2 mM TCEP, 2 uM dTTP, 3 uM dGTP, 500 uM dATP, 3 uM
dCTP, 0.2 mM ATP, 0.2 mM CTP, 1 pM d(GTTGGG) primer and 20 nM
telomerase—PolaPrim. Either additional 5 pCi [&-**P]dGTP was sup-
plemented to visualize the G-strand synthesis or 5 pCi [a-*>P]dCTP
was supplemented to visualize the corresponding C-strand synthesis.
Thereactions were performed at 30 °C and stopped with quench buffer
atindicated times. All products were phenol-chloroform-extracted
and ethanol-precipitated together with a 15-nt **P-end-labelled DNA
oligonucleotide as a recovery control and resolved on a10% denatur-
ing polyacrylamide gel. The gels were dried and exposed to a phos-
phorimaging screen and scanned on an Amersham Typhoon scanner
(GE Lifesciences).

Electrophoretic mobility shift assay

EMSAs were conducted following a previously reported method®.
TtCST and its mutants were expressed and purified from insect cells
as described above. For each binding reaction, 0.5 nM **P-labelled
primer (for Extended Data Fig. 9h) or 0.5 nM **P-labelled primer plus
20 nM unlabelled primer (for Fig. 4e and Extended Data Fig. 9i) was
incubated with or without TtCST in 10 pl EMSA buffer (20 mM

HEPES-NaOH (pH 8.0), 150 mM NaCl, 2 mM MgCl,, 5% (v/v) glycerol,
50 pg mI™ BSA, 1luM random hexamer (Invitrogen), 0.05% (v/v) Tween-
20 and1mM TCEP) for 1 honice before being loaded onto a 0.5 TBE,
0.7% SeaKem LE agarose (Lonza) gel. The gelswere runat 6.8 Vecm™in
0.5x TBE buffer for 40 min and then vacuum dried onto a Hybond-N+
membrane (Cytiva) with 2 pieces of 3MM chromatography paper
(Whatman). The gels were exposed to aphosphorimaging screen over-
night. The final images were obtained by scanning the screen on an
Amersham Typhoonscanner (GE Lifesciences) and then quantified with
QuantityOne (Bio-rad). K, was calculated by fitting the Hill equation
using the fraction of protein-bound primer 6: 0 = 7" /(P{" + K[), Py = P—
(P+ D+ Ky~ [ (R+ D+ Kp)? - 4 x P.x D,)/2, where P;is the unbound
protein concentration, P, is the total protein concentration, D, is the
total DNA concentration, and nis the Hill coefficient. K, values obtained
using the simplified Hill equation (P; = P,) were 2-5% higher.

Statistics and reproducibility

POLA1-POLA2and its complex with telomerase were successfully puri-
fied three times. POLA1-POLA2-PRIM1-PRIM2 and its complex with
telomerase were successfully purified more than ten times. TtCST were
successfully purified more than three times for the wild type and two
times for each Ctcl variant. Size-exclusion chromatography profiles
and protein gels shown in Extended Data Figs. 5a,c,e,f and 9g present
representative results. EMSAs of d(GTTGGG); DNA binding by wild-type
and Ctclmutant TtCST shownin Fig. 4e and Extended Data Fig. 9iwere
successfully repeated three times. EMSASs of variant sstDNA binding
by wild-type TtCST shown in Extended Data Fig. 9h were successfully
repeated two times. Activity assay results shownin Fig.3cand Extended
DataFig. 5i,j were successfully repeated three times for each condition.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Cryo-EMdensity maps have been deposited in the Electron Microscopy
DataBank under accession numbers EMD-26863 (telomerase with CST),
EMD-26864 (telomerase with CST-PolaPrim), EMD-26865 (telomerase),
EMD-26866 (CST-PolaPrim), EMD-26867 (PolaPrim platform), EMD-
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The atomic models have been deposited inthe Protein Data Bank under
accession codes 7UYS5 (telomerase with CST), 7UY6 (telomerase), 7UY7
(CST-PolaPrim) and 7UY8 (PolaPrim platform). Backbone chemical
shifts have been deposited in BMRB under accession codes 51441 (Ctcl
OB-A), 51442 (Ctcl OB-A with p50 peptide 228-250) and 51443 (p50
peptide 228-250).
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Extended DataFig.1|Cryo-EM data processing workflow of TtCST in
telomerase holoenzyme and evaluations of the final reconstructions.

a, Dataprocessing workflow (detailed in Methods). b, Euler angle distributions
of particles used for the final 3.5 A resolution reconstruction. ¢, Local
resolution evaluation of the 3.5 A resolution reconstruction shown for

the overallmap (upper) and for the TtCST-p50 region (lower).d, Plot of the
Fourier shell correlation (FSC) as afunction of the spatial frequency
demonstrating the resolutions of final reconstructions. e, 3D FSC analysis®® of
the3.5Aresolutionreconstruction. Shown are the global FSC (red line), the

spread of directional resolution values (areaencompassed by the green dotted
lines) and the histogram of directional resolutions evenly sampled over the 3D
FSC (bluebars). Asphericity (0.5 threshold) of 0.899 indicates almostisotropic
angular distribution of resolution (a value of 1stands for completely isotropic
angular distribution). f, FSC coefficient as a function of spatial frequency
between model and cryo-EM density map. g, Representative cryo-EM densities
(grey and mesh) encasing the related atomic models (coloured sticks and
ribbons). h, Superimposition of cryo-EM densities (low-pass filtered to 5 A) and
model of Ctc1 OB-Ain complex with p50 CBM.
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Extended DataFig.2|Structural details of TtCST. a, Domain organization of interactions areshown as dashed yellow lines. e, Two arginine sidechains on

TtCST subunits. Invisible regions in the cryo-EM map are shown as dashed Stn10B (ribbon) clamp D499 on Ctc1 OB-C (electrostatic surface). f, g, Detailed
boxes. Intermolecularinteractionsare indicated as grey shading. b, Ribbon interactionsbetween Stn1OB and Tenl. h, Close-up views of the cryo-EM
diagrams of TtCST subunits/domains with secondary-structure elements densities of theinterfaces between CST subunits (Fig. 1e, Extended Data
labelled. Unmodelled regions are shown as dashed lines. Crystal structure of Fig.2d-g).i, Overallview of the interface between TtCST and TERT-TER.
Ten1-Stn1OB* (PDB 5DOI) is shown in grey and overlaid with the cryo-EM j-1,Close-up views of interactions between TtCST and TERT-TER asindicated in
structure for comparison. ¢, Ribbon representation of TtCST structure with dashedboxesinh. Theseinteractions stabilize TtCST in the predominant
individual OB domain coloured as indicated. d, Close-up view of the interface conformation.

between Ctc1OB-Cand Stn1OB. Salt bridge and hydrogen-bonding
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Extended DataFig.3|NMRspectraand structural study of Ctc1 OB-A with region thatisshowninFig.2d.d, Chemical-shift-based secondary-structure

p50 peptide. a, Assigned 'H-*N HSQC spectrum of *N-labelled Ctc1 OB-A score of Ctc1 OB-Ainthe absence (grey) and presence (yellow) of pS0 peptide.
(residues 1-183) in the presence of unlabelled p50 peptide (residues 228-250). Thescores are determined using TALOS+ (ref.**). Top and bottom edges of each
Inset shows the expanded central region of the spectrum. b, Superimposed barrepresent the probabilities of each residue assigned tobe o helix and
'H-NHSQC spectra of *N-labelled Ctc1 OB-Ainthe presence (yellow) and sheet, respectively. The secondary structure of Ctc10B-A observedinthe
absence (gray) of unlabelled p50 peptide. Signals from the same residues with cryo-EMstructureis shown below for comparison. e, Plot of long range (greater
chemical shift differences of more than 0.25ppm are connected by dashed than5residues) 'H-'H NOE restraints observed within Ctc1 OB-A. Residues with
arrows. Signals fromresidues 68-70 that only appear in the presence of p5S0 pairwise NOE restraint(s) are connected by alink. Links are colour coded as
peptide arelabelled with asterisks. ¢, Chemical shift perturbation (CSP) index indicated based on the number of NOE restraints between the two connected

of SN-labelled Ctcl1 OB-A upon binding pS0 peptide. Magenta box indicates the residues.
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Extended DataFig. 4 |Identifying the'invisible'interface between Ctcl
0B-A and p50 peptide using NMR methods. a, Schematic diagram of p50 and

following panels, cand d. p50,,5,5, peptide is determined to be the optimal
construct and was used for other NMR studies presented here. ¢, Titration

series of p5S0 peptideinto N-labelled Ctc1 OB-A. The binding is in the slow
exchange regime and saturated at 1:1stoichiometry. d, Truncations of two
unstructured loops (residues 38-49 and 131-146) of Ctc1 OB-Aindividually have
no effectonits binding with p50 peptide. e, Secondary-structure score of
P50,,5.50inthe presence of Ctc1 OB-A. f, CSPindex of pS0 peptide upon binding
Ctc10B-A.’"H-"NHSQC spectrashownin Fig.2c were used for the CSP calculation.
g,Model of theinteractions between Ctc1 OB-A and p50. CS-Rosetta models of
P50,,5.50areshownin the grey box with arrows pointing to the binding surface
on Ctc10B-A. Unstructured linkers are shown as dashed lines.

constructs of p50 peptide. The N-terminal 30 kDa and 25 kDa fragments of
p50arelabelled as pSON30 and pSON25, respectively. Previous biochemical
study showed that pSON30 could bind Ctcl, whereas pSON25 could not*.
Thecryo-EMstructure of p50 ends at residue 208 (Fig. 2b). On the basis of these
facts, aseries of pSO peptidesinthe range of residues 213-255 were designed to
explore additionalinterface between p50 and Ctcl OB-A thatare'invisible'in
the cryo-EMstructure. b, NMR binding study of p5S0 peptides with Ctc1OB-A.
Tworegions of 'H-*"N HSQC spectra of *N-labelled Ctc1 OB-A in the absence
(apo) and presence of unlabelled p50 peptides were shown. Chemical shifts of
T71and A73 were chosen toillustrate the binding processin this and the
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Extended DataFig. 5| Characterization of purified TetrahymenaPolaPrim
samples and their assembly with telomerase holoenzyme. a, Size-exclusion
chromatography (SEC) profile (left) and SDS-PAGE gel (right) of Pola.

b, Representative 2D-class averages of Pola particles obtained from negative-
stain EMimages. ¢, SEC profile (left) and SDS-PAGE gel (right) of PolaPrim.

d, Representative 2D-class averages of PolaPrim particles obtained from
negative-stain EM images. e, Silver-stained SDS-PAGE gel of affinity purified
telomerase-Pola (Iane 2) shows that Pola can bind telomerase in the absence of
Primase. Telomerase (lane 1) and Pola (lane 3) samples were loaded on the same
gelfor comparison. f, Silver-stained SDS-PAGE gel of affinity purified
telomerase-PolaPrim samples shows assembly of the complex with or without
sstDNA. g, Representative 2D-class averages of affinity purified telomerase-
PolaPrim obtained from negative-stain EMimages. Densities are assigned on
thebasis of the cryo-EM structure (Fig. 3a) obtained with the same batch of
sample. Smeared densities (red arrows) are observed near POLAL,,.inseveral

classes, so we were able to assign them to the PolaPrim platform, which
comprises POLA2, POLA1¢p, PRIM2y, and PRIML. h, Representative 2D-class
averages of telomerase particles shown for comparisonwithg. i, Activity
assaysoftelomerase-PolaPrim (lanes 1-4) and PolaPrim alone (lane 5). Direct
telomerase activity assays were conducted for G-strand synthesis alonein the
presence of dTTPand dGTP (lanes1and 3). PolaPrim activity assays were
conducted for C-strand synthesis alone in the presence of ATP, CTP, dATP and
dCTP (Ianes 2,4 and 5).>*P-dGTP and **P-dCTP were used to label the G-strand
and C-strand products, respectively. Alonger exposure isshown forlane 5so
that products canbeseen.RC, recovery control. All lanes are from a single gel.
Jj, Activity assays of C-strand synthesis (lane 1) relative to thatin 50 mM LiCl
(lane 2),50 mM NaCl (lane 3), or 50 mMKClI (lane 4). For lanes 2-4, the DNA
templates were incubated in assay buffer containing 50 mM of the indicated
cations onice for 30 minbefore thereaction.
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Extended DataFig. 6 |Cryo-EMstructure determination of Te¢trahymena encompassed by the green dotted lines) and the histogram of directional
telomerase-PolaPrim complex. a, Data-processing workflow (detailed in resolutions evenly sampled over the 3D FSC (blue bars) are shown. A sphericity
Methods). b, Resolution of final reconstructions determined by gold-standard of 0.958 was determined for telomerase core (left), indicating almostisotropic
FSCatthe 0.143 criterion. ¢, Particle distribution (upper) and local resolution angular distribution of resolution. A sphericity of 0.736 was determined for
evaluation (lower) of the 2.9 A resolution reconstruction of telomerase core. TtCST-POLAL,,. (right), suggesting slightly anisotropic angular distribution of
d, Particle distribution (upper) and local resolution evaluation (lower) of the resolution. f, FSC curves for refined models versus the corresponding cryo-EM
4.2 Aresolutionreconstruction of TtCST-POLA1,,,.. €, 3D FSC analysis® of the density maps. g-j, Representative cryo-EM densities (transparency surface)
2.9 Aresolution reconstruction of telomerase core (left) and the 4.2 A encasingtherelated atomic models (colour sticks and ribbons) for

resolution reconstruction of TtCST-POLA1,,. (right). For each reconstruction, telomerase-core RNP (g), CST (h), Stn1 WH-WH (i) and POLA1,,,. (j)-
the global FSC (red line), the spread of directional resolution values (area
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Extended DataFig.7|Cryo-EMstructure determination of PolaPrim.

a, Data processing workflow (detailed in Methods). b, Representative 2D-class
averages of PolaPrim particles obtained from cryo-EM images. The two classes
showninFig.3eare labelled with red boxes. ¢, Resolution of final
reconstructions determined by gold-standard FSC at the 0.143 criterion.

d, Euler angle distributions of particles used for the final reconstructions.

e, Localresolution evaluations of the final reconstructions. f, FSC coefficients

asafunction of spatial frequency between model and cryo-EM density maps.
The composite map is generated using Phenix® with two focused refined maps
(detailed in Methods). For the fullmap and the composite map, the complete
model was used to calculate the FSCs. For the two focused refined maps, only
corresponding regions of the model were used to calculate the FSCs.

g, Representative cryo-EM densities (grey mesh) encasing therelated atomic
models (coloured sticks and ribbons).
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Extended DataFig. 8| Structural conservation of Tetrahymena PolaPrim.
a, Superposition of Tetrahymena (Tt), human and yeast POLA1,,.
structures® 7>’ shownin an overall view. b, Structural comparison of
PolaPrim platform of Ttand human**®, The structures were superposed based
onPOLA2-POLAl, (left) or PRIM1 (right). Arrows indicate dynamics of the
unalignedregions. PRIM2.in human structures are shown as transparent
ribbons. PRIM2.is not observed inthe Ttstructure. ¢, Structures of PolaPrimin
an autoinhibited conformation (left, modelled on the basis of PDB SEXR*’) and
anactive conformation (right, modelled on the basis of alow-resolution
cryo-EMmapin Extended Data Fig. 7a). The DNA-DNA duplexes on POLA1,,,.
were modelled on the basis of PDB 5IUD¥. In the autoinhibited conformation
(left), the active site on POLAL,,,. is sterically blocked by POLA1.p and POLA2
for DNA entry. In the active conformation (right), dynamics of subunits are
indicated witharrows. d-e, Superposition of 7t, humanandyeast POLA1,,,
structures for the regions thatare on the interface with TtCST. Conserved
domains/motifs arelabeled asindicated. The B11-B12 hairpinin 7t POLAL,. is
longer than thosein human and yeast (d). The a19 is structured onlyin Tt POLA1

T. thermophila

M.musculus
R.norvegicus

S.cerevisiae

when binding TtCST (e). f, Close-up views of the interface between Tt POLAL,,,.
«19 (ribbon) and TtCST (surface/electrostatic surface). In the lower panel,
locations of positively and negatively charged residues on «19 are indicated
using blue and red balls, respectively. g, Sequence-conservation analysis of the
B11-B12 hairpinand a19 of POLAL. Charged residues on a19 areindicated with
black arrows. h, Close-up view of the interface between POLA1,,,.and TtCST
withsstDNA. Cryo-EM densities are shown as transparent surface. The
template entry port formed by POLA1.,,.NTD and Exo and Ctc10B-Cis
indicated byacycle.i, Path of sstDNAin the cryo-EM structure of Tt
telomerase-PolaPrim. The sstDNA binds in the C-shape cleft of Ctc1 OB-C with
its5'side, whileits 3'side passes through the template entry portto the active
site of POLA1,,. (left). A G-quadruplex (GQ) formed by four Tt telomere repeats
(modelled on the basis of PDB 7JKU*®) is observed on a positively charged DNA
binding surface of POLA1,,,.between the palm and thumb (right).

j, Superimposition of the GQstructure and cryo-EM density. Weak density of
sstDNA canbe observed connecting the sstDNA on Ctc1 OB-C to the GQ.
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Extended DataFig.9|Comparison of TtCST and human CST. a, Domain
diagrams of TtCST and human CST. b, Structural homology analysis of
individual OB domains of TtCtc1(OB-Ato-C) and human CTC1(OB-Ato-G)
using the Dalisever’®. On the basis of the resulted pairwise Z-scores, TtCtcl
OB-Band OB-Careidentified ashomologues of human CTC10B-F and OB-G,
respectively. ¢, Structural comparison of individual domains from TtCST
(colour) with corresponding domains from human CST (grey). Structures of
WH-WH domains of Tt Stnland human STN1were superposed based on WH1or
WH2 domain. Therelative orientation of the two WH domains is different
between Ttand human.d, Theinterface between Stn1 WH-WH and Ctclin the
cryo-EMstructure of Tt telomerase-PolaPrim. Cryo-EM densities are shown as
transparentsurfaces. An previously unstructured loop of Ctc10B-C (Extended
DataFig. 2b) partially forms an a helix (0t5,0.540) and contributes to theinterface
with Stn1 WH-WH. e, Comparison of DNA binding sites on TtCtcl(colour) and
human CTC1(grey). Conservedresidueslocated onthe DNAbindinginterface
areshownas sticks. Cryo-EM densities of TtCtclare shown as transparent
surfaces. Inthe decameric structure of human CST* (PDB 6W6W), sstDNA
primarily binds on CTC1OB-F. However, in TtCST, the equivalent sstDNA
binding site on OB-Bis partially occluded by a helix («6) thatis part ofan

unstructured loopinhCTC10B-F. The helix a6 abuts TERT in TtCST without
PolaPrim (Extended Data Fig. 2k) and Stn1 WH2 when PolaPrimis bound (as
shownind).f, Sequence conservation analysis of Ctclresidues onthe DNA
bindinginterface. Residuesshownineareindicated with black arrows.
Conserved cysteinesinthe zincribbon motifs are indicated with pink arrows.
g, SEC profile and SDS-PAGE gel of TtCST-p50 co-expressed in Sf9 cells. Gel
samples are from the peak fractions of the SEC profile asindicated. h, EMSA of
purified wild-type TtCST with d(GTTGGG),, wheren =3, 50r10. i, Substitutions
of TtCtc1OB-B conserved residues K303E/K306E/F308A and F264A/Y268A
substantially decrease d(GTTGGG); binding, asindicated by EMSAs. These
resultssuggest that the binding site on 7¢tCtc1 OB-B might be accessible to
sstDNAin free TtCST where neither TERT nor Stnl WH-WH stabilize helix a6.
Wedgesindicate two-fold dilution of TtCST. The first lane of each gelis a TtCST-
free control.j, Quantifications of fraction of bound DNA for all the independent
EMSA experiments with TtCST WT and variants asindicated (n =3 biological
replicates). K, values were determined as described in Methods. k, Effect of
TtCSTresidue substitutions on d(GTTGGG); binding. Dataare mean £ s.d. from
n=3biologicalreplicatesshowninj.*P=0.04,**P=0.009, ****P<0.0001; one-
tailed unpaired t-tests.



Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

PolaPrim POLA2-
platform POLA1cTo—
(EMD-26867) PRIM2y
(PDB 7UY8) (EMD-26868)

Telomerase Telomerase
with CST with CST-
(EMD-26863) PolaPrim
(PDB 7UY5) (EMD-26864)

PRIM2n—PRIM1
(EMD-26869)

Telomerase CST-PolaPrim
(EMD-26865) (EMD-26866)
(PDB 7UY6) (PDB 7UY7)

Data collection and prc ing
Magnification 105,000 81,000 81,000 81,000 81,000 81,000 81,000
Voltage (kV) 300 300 300 300 300 300 300
Electron exposure (e-/A?) 48 55 55 55 55 55 55
Defocus range (um) -0.8--4.0 -0.8--4.0 -0.8--4.0 -0.8--4.0 -0.8--4.0 -0.8--4.0 -0.8--4.0
Pixel size (A) 1.36 1.1 1.1 1.1 1.1 1.1 1.1
Symmetry imposed C1 C1 C1 C1 C1 C1 C1
Initial particle images (no.) 2,547,163 19,870,016 19,870,016 19,870,016 3,312,111 3,312,111 3,312,111
Particle images after class2d (no.) n/a 4,508,191 4,508,191 4,508,191 1,316,017 1,316,017 1,316,017
Final particle images (no.) 259,330 142,912 539,078 142,912 264,498 264,498 264,498
Map resolution (A) 35 44 29 42 4.5 4.0 43

FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143 0.143
Map resolution range (A) 32-6.0 40-70 29-50 40-70 40-7.0 40-6.0 40-6.0
Refinement
Initial model used (PDB code) 7LMA, 5DOlI, 7LMA 7UY5, 5DFN, AlphaFold2

5DFM 5DOK,
AlphaFold2

Model resolution (A) 37 31 44 43

FSC threshold 0.5 0.5 0.5 0.5
Map sharpening B factor (A2) -130 -80 -100 -100
Model composition

Non-hydrogen atoms 25,772 18,746 15,161 9,552

Protein residues 2,690 1,847 1,808 1,161

RNA/DNA Nucleotides 170 170 10 0

Ligands 2 1 1 1
B factors (A?)

Protein 21.8 475 124.3 744

RNA/DNA/Ligands 82.6 147.8 150.5 180.8
R.m.s. deviations

Bond lengths (A) 0.002 0.002 0.002 0.003

Bond angles (°) 0.455 0.442 0.557 0.636
Validation

MolProbity score 1.54 1.19 1.91 1.87

Clashscore 7.03 4.00 13.86 8.69

Poor rotamers (%) 0.04 0.00 0.18 0.00
Ramachandran plot

Favored (%) 97.17 98.30 96.17 93.92

Allowed (%) 2.83 1.70 3.83 6.08

Disallowed (%) 0.00 0.00 0.00 0.00
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Cryo-EM density maps have been deposited in the Electron Microscopy Data Bank under accession numbers EMD-26863 (telomerase with CST), EMD-26864
(telomerase with CST—PolaPrim), EMD-26865 (telomerase), EMD-26866 (CST—PolaPrim), EMD-26867 (PolaPrim platform), EMD-26868 (POLA2—POLA1CTD—
PRIM2N), and EMD-26869 (PRIM2N—PRIM1). The atomic models have been deposited in the Protein Data Bank under accession codes 7UY5 (telomerase with CST),
7UY6 (telomerase), 7UY7 (CST-PolaPrim), and 7UY8 (PolaPrim platform). Backbone chemical shifts have been deposited in BMRB under accession codes 51441
(Ctcl OB-A), 51442 (Ctcl OB-A with p50 peptide 228-250), and 51443 (p50 peptide 228-250).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. For cryo-EM study, the sample sizes were determined by densities of particles
on cryo-EM grids and the number of collected cryo-EM images. 3D reconstructions of telomerase, CST—PolaPrim, and telomerase with CST—
PolaPrim were calculated from 36,716 images (~20 million particles). 3D reconstructions of PolaPrim, POLA2—POLA1-CTD-PRIM2n and
PRIM2n—PRIM1 were calculated from7,120 images (~3.3 million particles). 2.5 million particles from previously published datasets were
combined and used to calculate the 3D reconstruction of telomerase with CST. The data size is comparable to other studies in this field. The
number of particles used for each final map is sufficient to obtain reliable classification and reconstruction results by cryo-EM.

Data exclusions  For cryo-EM analysis, particles that do not belong to the class of interest or have poor qualities based on well established cryo-EM principle
were excluded after rounds of 2D and 3D classification. This is standard practice required to obtain high resolution cryo-EM structure of the
class of interest. For functional studies, no data were excluded from any analysis.

Replication All biochemical experiments were repeated at least two times and are all reproducible. POLA1-POLA2 and its complex with telomerase were
successfully purified three times. POLA1-POLA2—PRIM1-PRIM2 and its complex with telomerase were successfully purified more than ten
times. TtCST were successfully purified more than three times for WT and two times for each Ctcl variant. SEC profiles and protein gels shown
in Extended Data Fig. 5a, 5¢, 5e, 5f, and 9g present representative results. EMSAs of d(GTTGGG)5 DNA binding by WT and Ctcl mutant TtCST
shown in Fig. 4e and Extended Data Fig. 9i were successfully repeated three times. EMSAs of variant sstDNA binding by WT TtCST shown in
Extended Data Fig. 9h were successfully repeated two times. Activity assay results shown in Fig. 3c and Extended Data Fig. 5i-j were
successfully repeated three times for each condition.

Randomization  No grouping required for our studies.

Blinding Blinding was not relevant to this study, because the study does not involve human subjects or live animals and no grouping was conducted for
EMSA and activity assays.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Sf9 cells used for protein expression were purchased from Thermo Fisher Scientific.
Authentication No authentication was performed.
Mycoplasma contamination Cells were not tested for mycoplasma contamination.

Commonly misidentified lines o commonly misidentified lines were used.
(See ICLAC register)
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